Under pathological conditions, such as sickle cell disease and malaria, heme concentration increases considerably, and it induces membrane damage. As sickled and normal erythrocytes contain high cholesterol: phospholipid ratio, we investigated the role of lipid composition, chain length, and unsaturation on the partitioning and leakage of hemin in phospholipid vesicles. To establish structure-activity relationship in membrane damage, experiments with two other analogues, protoporphyrin-IX and hematoporphyrin (HP) were also carried out. Hemin and its analogues localize differently in membranes and exhibit distinct roles in partitioning, leakage and fusion. Hemin and HP trigger more leakage in the presence of aminophospholipids, whereas cholesterol buffers the destabilizing effect remarkably. Inhibition of fusion by hemin further suggests its unexplored and important role in membrane trafficking, particularly under diseased conditions.
Under pathological conditions, such as sickle cell disease and malaria, heme concentration increases considerably, and it induces membrane damage. As sickled and normal erythrocytes contain high cholesterol: phospholipid ratio, we investigated the role of lipid composition, chain length, and unsaturation on the partitioning and leakage of hemin in phospholipid vesicles. To establish structure-activity relationship in membrane damage, experiments with two other analogues, protoporphyrin-IX and hematoporphyrin (HP) were also carried out. Hemin and its analogues localize differently in membranes and exhibit distinct roles in partitioning, leakage and fusion. Hemin and HP trigger more leakage in the presence of aminophospholipids, whereas cholesterol buffers the destabilizing effect remarkably. Inhibition of fusion by hemin further suggests its unexplored and important role in membrane trafficking, particularly under diseased conditions. Keywords: cholesterol; membrane fusion; membrane partitioning Heme constitutes the prosthetic moiety of several proteins, including; myoglobin, hemoglobin, cytochromes, and nitric oxide synthases. Nature uses heme for oxygen transport and storage in hemoglobin and myoglobin, whereas in cytochromes it is used in electron transport, energy generation. In catalases and peroxidases, heme functions towards activation or inactivation of hydrogen peroxide. Despite its potent role in biology, free heme can cause cell damage, tissue injury as heme causes oxidative stress via the formation of reactive oxygen species. In this context it should be noted that the free heme concentration in vivo is tightly regulated. However, during pathological conditions like, sickle cell disease (SCD) and other hematological diseases the clearance and detoxifying systems are overpowered by intravascular hemolysis and an increased level of free heme is reported [1] .
Abbreviations 6-CF, 6-carboxyfluorescien; Chol, cholesterol; DMPC, dimyrstoylphosphatidylcholine; DMPE, dimyrstoylphosphatidylethanolamine; DMPS, dimyrstoylphosphatidylserine; DOPC, dioleoylphosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoylphosphatidylcholine; Hemin, hemin chloride; HP, hematoporphyrin; NBD-PE, N-(7-nitro-2-1,3 benzoxadiazol-4-yl) phosphoethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEG, polyethelene glycol; POPC, 1-palmitoyl, 2-oleoyl-phosphatidylcholine; PP, protoporphyrin IX; PS, phosphatidylserine; Rh-PE, N-(Lissaminerhodamine B sulfonyl) phosphoethanolamine; SCD, sickle cell disease.
Under these pathophysiological conditions, release of heme, its subsequent membrane localization is of great interest particularly in diseases like SCD, caused by sickle hemoglobin (HbS). It has been shown that SCD patients have~20 lM of free heme compared to the normal level of~0.2-0.6 lM [2] [3] [4] . Free heme activates cell signaling pathways, perturbs membrane channels, regulate the antioxidant response, circadian rhythms, micro-RNA processing, and damages erythrocyte membranes [5] [6] [7] . Previous studies showed that lipid composition of erythrocyte have considerable effect on the function and stability of membrane. For example, abnormal lipid composition of erythrocytes are associated with the exposure of phosphatidylserine to the outer leaflet [8] , the susceptibility of diseased erythrocytes to lipid peroxidation [9] , and cell lysis [10, 11] . Since both heme and membrane play immense role in normal and diseased condition, it is important to find out the location of free heme in the lipid membrane and understand the mechanism how it perturb the membrane structure [12] . All heme-induced processes require that heme is trafficked from its site of synthesis to distinct hemoproteins located in several subcellular compartments with specialized structures which are largely unknown. Therefore, in the present study we investigate three important aspects on hememembrane interactions, (a) the extent of membrane partitioning of heme, (b) heme induced leakage of membranes of defined composition and (c) the role of heme in membrane trafficking. To establish the structure-activity relationship of heme, we have used hemin chloride and studied membrane perturbation by hemin, protoporphyrin-IX (PP) and hematoporphyrin (HP). Results indicated differential membrane localization and interaction of heme analogues and suggest different extent of membrane distortion and damage. Interestingly, cholesterol content in membrane has a striking role to prevent the hemin induced leakage in presence of aminophospholipids. The high cholesterol/ phospholipid ratio in sickle erythrocyte probably buffers the membrane damage to some extent. Membrane fusion experiments, performed under physiological conditions suggest that hemin and HP inhibit membrane fusion, and we propose for the first time that these compounds may influence cellular trafficking.
Materials and methods

Materials
Hemin, HP, PP, 6-CF, malachite green, HEPES, cholesterol, ammonium heptamolybdate were purchased from SigmaAldrich, Bangalore, India. DMPC, DPPC, DSPC, DMPS, DMPE, DOPC, DOPE, DOPS, POPC, NBD-PE, Rh-PE were obtained from Avanti polar lipids (Alabaster, AL, USA). Chloroform, methanol, perchloric acid, ascorbic acid were purchased from Merck (Mumbai, India). Poly (ethylene glycol) of molecular weight 7000-9000 (PEG 8000) was purchased from Sisco Research Laboratory (Mumbai, India). The buffer was prepared in triple distilled deionized water from Milli Q source (Millipore Corporation, Massachusetts, USA). 6-CF concentration was measured at 492 nm using molar absorptivity as 72 9 10 3 M À1 Ácm À1 [13] .
Methods
Absorbance measurements were performed in a 10 mm pathlength quartz cuvette using a Cary Varian spectrophotometer. [14, 15] . Ligand solutions were prepared freshly before each experiment and care was taken to protect these solutions from light exposure.
Preparation of small unilamellar vesicles (SUVs)
The required amount of phospholipids was dissolved in the chloroform methanol mixture (2 : 1, v/v) and the phospholipid was deposited by removing the solvent under a slow stream of nitrogen and dried for overnight under high vacuum as described earlier [16] . The lipid film was hydrated with 10 mM HEPES, 20 mM KCl, pH 7.0 and vortexed to disperse the lipids. The dispersion was sonicated for 20 cycles (1-min burst with 10 s interval) using a Hielscher UP 200S probe sonicator (Hielscher Ultrasonics GmbH, Teltow, Germany). The sonicated SUVs were centrifuged at 12 000 g for 15 min to remove titanium and lipid aggregates. The supernatant was collected and the vesicle concentration was determined using standard phosphate assay [13] . Phospholipid SUVs of various compositions were used in the experiments as described below. We have used a diversified compositions and the mole percent of the particular lipid was given in the parenthesis, e.g. DMPC (100), DPPC (100), DSPC (100), DOPC (100), POPC (100) 
Partition assay of heme derivatives
About 0.5 mL of vesicles (0.5 mM) and heme derivatives were incubated at above the phase transition temperature for 30 min. The incubated porphyrin-vesicle mixture was ultracentrifuged for 30 min at 45 000 g using Thermo Scientific Sorvall WX Ultra series (Thermo Fisher Scientific, Massachusetts, USA). Supernatant was collected and the concentration of ligand and residual lipid concentration (using phosphate assay) was determined spectrophotometrically. Since supernatant contain negligible amount of lipid, the partition coefficient, K p was calculated using standard procedure [17] .
The partition coefficient, K p , was calculated using the following equation:
where C b is the concentration of bound ligand (in membrane) and C f is the concentration of unbound ligand (free in solution). This equation can be used only when a relatively small amount of ligand is bound. The concentration of bound ligand may be expressed as a surface concentration, N b , with units of molÁcm À2 . Then partition coefficient b has units of length (cm) according to the following equation.
Now if N b is divided by the membrane thickness, d, we get
Hence,
The vesicle size was determined by Malvern Zetasizer dynamic light scattering instrument. The reported membrane thickness was used to determine the concentration of porphyrin derivatives in the lipid phase [17] .
Membrane fusion assay
Membrane fusion was monitored based on the principal of F€ orster resonance energy transfer (FRET) using donor molecule NBD-PE and acceptor molecule Rh-PE. SUVs with fluorescently labeled donor acceptor pair, each at a concentration of 0.5 mol% of the lipid concentration. These labeled vesicles were mixed with a set of unprobed vesicles at a ratio of 1 : 4. Fusion was triggered by 5 wt% PEG [18] and under these conditions probe labeled and probe free vesicles come closer and lipid mixing (fusion) results in probe redistribution in such a manner that the distance between the donor-acceptor increases and hence FRET efficiency decreases. This phenomenon leads to increase in fluorescence intensity of donor molecule 
where, F = fluorescence intensity at time t, F 0 = initial fluorescence intensity of the labeled liposomes and F ∞ = maximum fluorescence, which was obtained by lysing the vesicles with 1% (w/v) Triton X-100. The kinetics of fusion varied with lipid composition and the fluorescence data were fitted into best fit equation (monoexponential (y = Ae ÀBt ) or bi-exponential (y = Ae ÀBt + Ce ÀDt ) for relatively fast kinetics; linear (y = Bt) equation for slower kinetics). The initial rate (IR) of fusion was calculated according to reported literature [19] .
Leakage assay
The leakage induced by hemin was determined by studying the extent of release of entrapped self-quenching dye, 6-CF [20] . Liposomes were prepared in 20 mM HEPES, 10 mM KCl, 50 mM 6-CF, pH 7.0 by following procedures as described in the previous section. The excess dye (untrapped) was separated using a Sephadex G-50 (25 9 1 cm) column. The leakage of the 6-CF molecules from the inner aqueous phase of the vesicles was performed at a porphyrin: lipid ratio of 1 : 125. The fluorescence intensity of 6-CF (emission maxima 517 nm) as a function of time (end time was 30 min for all the experiments) was monitored in Horiba FluoroMax-4 spectrophotometer (HORIBA Scientific, Kyoto, Japan) and the percentage of leakage was calculated using the following equation:
where F = fluorescence intensity of vesicles entrapped with 6-CF at time t, F 0 = initial fluorescence intensity of the probed liposomes and F ∞ = maximum fluorescence obtained by lysing the vesicles with 1% (w/v) Triton X-100.
Results and Discussion
Partitioning behavior of heme derivatives and their differential localization
Partition constants, of hemin, HP and PP between SUVs and aqueous phase were determined by ultracentrifugation followed by absorption spectroscopy. The structures of hemin and PP are almost similar except the presence of iron in hemin. HP (lacks iron) differs from PP in the side chain (more hydrophilic) of the porphyrin ring and the structures of the three porphyrin analogues are shown in Fig. 1 . The partitioning of these ligands into phospholipid membranes (DOPC, POPC) with unsaturated fatty acyl chains and in the same with saturated fatty acyl chains like DMPC, DPPC and DSPC, are listed in Table 1 . It is evident from the table that significantly less partitioning of all the three porphyrins takes place in membranes with unsaturated phospholipids as compared with saturated SUVs. With the increase in acyl chain length from DMPC (14:0) to DSPC (18:0) partitioning of PP increased while the reverse trend was observed for hemin and HP suggesting that positioning of PP in membrane is different than the hemin and HP. In all the systems, HP has the lowest partition coefficient (~one order of magnitude less), suggesting HP probably partitions at the interface. This is in accordance with the bipolar nature of HP having -OH group at one end and -COOH group at the other end and supported by the theoretical calculations [21] . Partition coefficient of PP was comparable or slightly higher than hemin which may be attributable to the hydrophobicity of the vinyl side groups and lack of Fe 3+ in the centre of the molecule.
To understand the role of other phospholipids on the partitioning of these porphyrins, we systematically investigated the role of phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine and cholesterol. Results obtained from these studies are summarized in Table 2 . It is found that with increase in the proportion of PE and PS in the membrane, partitioning of PP increased, whereas the same for hemin and HP decreased in the presence of PE and remain unchanged in the presence of PS. Upon incorporation of cholesterol, the membrane partitioning of hemin and PP increased, but HP shows no significant change ( Table 2 ). The increase may be attributed due to the Π-stacking interaction between planar porphyrin and cholesterol [22] in the membrane. Alternatively HP could partition at the interface and therefore effect of cholesterol is minimal. Addition of 10 mol% cholesterol increases the partition coefficient of PP in PC: PE membrane by 4-6 times. On the other hand, the same for hemin in presence of 10 mol% cholesterol increased by 1.5-3 times in various membranes with different compositions of PC, PE and PS. We conclude that PP probably partitions deeper into the membrane with its porphyrin ring having vinyl chains, effectively interacting with the planar steroid ring of cholesterol. However, the Fe 3+ cation also restricts further deeper penetration into the membrane. These data support that hemin and its analogues exhibit differential interactions, and positioning in the membrane bilayers.
Porphyrin induced leakage of phospholipid vesicles
Since various reports suggested the possibility of membrane damage in presence of high heme concentration, we systematically investigated the structure-activity relationship of porphyrin induced leakage and how the positioning and compositions affect the leakage. The ability of different porphyrins to distort the phospholipid SUVs has been measured in terms of percentage leakage of 6-Carboxy fluorescein (CF) entrapped in the vesicles. Figure 2 shows the %CF leakage of vesicles induced by porphyrins at a 1 : 125 ratio of porphyrin: lipid. We varied the membrane composition by changing the PC, PE, PS and cholesterol content in the membrane as discussed above. PP induces nominal leakage and the extent of leakage was not significantly affected by the membrane composition. Both HP and hemin induced considerable leakage in membrane having diverse lipid composition and hemin had slight edge over HP, suggesting that hemin behaves differently in the membrane. The effect of PS was found to be detrimental to the stability of membrane in presence of hemin. It was found that 10 mol% PS increases the leakage by~3 times and hemin inducing~75% leakage. Since PE and PS mostly localizes in the inner leaflet of the bilayer membrane, we suggest that the inner bilayer may be perturbed by the presence of hemin or HP. Hemin may form clusters or domains in presence of PS via Fe 3+ -anionic lipid binding as suggested earlier [5] , which may alter the bilayer integrity and result leakage. The effect of cholesterol on the porphyrin induced leakage was also investigated. It was observed that incorporation of 10 mol% cholesterol in the vesicles reduce the leakage from~75% to less than 25% in PC/PS/Chol membrane. We suggest that cholesterol may help to stabilize the membrane in diseased condition like SCD, thalassemia, where a high hemin concentration is accumulated in the membrane.
The effect of porphyrins on membrane fusion
Membrane fusion is an integral step in important biological processes, such as trafficking, fertilization, neurotransmission, and viral infection [23] . Fusion is a multistep process and the first step involves close contact of membranes followed by the lipid rearrangements of the outer leaflet of the bilayers to form the stalk intermediate. During last step, the inner monolayer rearranges to open a pore between the two vesicles which leads to the mixing of their contents. The membrane fusion is not a spontaneous process and the energy barriers are catalysed by the external fusogenic agents [24] . Understanding the effect of small molecules and how they modulate different steps of fusion is challenging, as we need to rely on the Brownian collision [25] . In the present studies, we brought the membranes close together by the addition of polyethylene glycol (PEG) to induce fusion [26] . Using this approach, we have evaluated the effect of hemin, HP and PP on the kinetics of the fusion process in model membranes composed of PC, PE, PS, and Cholesterol. Table 3 showed that incorporation of PS inhibited the fusion process, which is in good agreement with the previous study [18] . This might be due to the fact that charged lipid (PS) interferes with inter-bilayer close contact required for fusion. Our results on the effect of porphyrins on the membrane fusion were presented in Fig. 3 and Table 3 . It was observed that PP keep the rate and the extent of fusion nearly same in presence of PS. On the other hand, HP and Hemin decreases the rate of extent of fusion. Mechanistically, we suggest that HP and hemin partitions near interface and retard the lipid protrusion for the stalk formation [27] . Hemin inhibited the fusion kinetics more than HP and in the presence of 20 mol% PS, it almost blocks the fusion. The membrane fusion data also suggests different localization of the three porphyrins. Since heme-PS form microdomains in membrane [5] , we speculate that these microdomains may retard the lipid protrusion, required for fusion [27] . The concentration of hemin used in the fusion assay was 1.25 lM, which is slightly lower than the physiological level of 0.2-0.6 lM [3, 4] . However, in diseases like SCD and thalassemia heme concentration goes beyond 20 lM, and our result may shed light on an unexplored role of heme in membrane trafficking.
Heme-membrane interactions and biological implications
Physiologically, free heme concentrations in the blood are tightly regulated by the high binding affinity of proteins such as serum albumin, haptoglobin, and hemopexin. Pathologically, high levels of heme release occur in severe hemolytic condition such as in SCD (~20 lM heme), or thalassemia (50-280 lM) [2, 28] . Free heme being a lipophilic molecule intercalates in the membrane and impairs lipid bilayers and organelles, and destabilizes the cytoskeleton. We have shown that hemin and other closely related molecules; HP and PP positions differently in the membrane. While the presence of PS increases the hemin and HP induced damage, cholesterol, on the other hand, protects from the membrane damage significantly. Erythrocyte membrane contains various phospholipids like PC, PE, PS, PI, SM, cholesterol and the cholesterol/phospholipid ratio was reported to be higher than platelets and leukocytes [29] [30] [31] . Since the cholesterol/phospholipid ratio in sickle erythrocyte membrane is much higher (~1.4 times) than normal erythrocytes [32, 33] , we suggest that the high cholesterol content may partly stabilize the heme induced membrane damage during pathological condition. Hemin and HP were also shown to retard the kinetics of membrane fusion, both in presence and absence of PS, suggesting that heme may play important role in membrane trafficking and release of neurotransmitters. Detailed studies are currently underway in our laboratory.
Conclusion
We have investigated the role of lipid composition and fatty acyl chain length on the partitioning and leakage of three heme analogues, hemin, PP and HP, to establish the structure-activity relationship. Results indicated that the localization, membrane interaction and extent of damage of the heme analogues are differential. In the presence of aminophospholipids, hemin and HP severely damage the membrane. The presence of cholesterol prevents such membrane leakage. We suggest that the natural high content of cholesterol in sickle and normal erythrocytes to provide protection from oxidative stress and membrane damage by free heme during normal and pathophysiological condition. The porphyrins were shown to inhibit membrane fusion, and they may influence membrane trafficking which needs to be investigated in detail.
